Introduction
============

Cell death has been implicated in the pathogenesis of severe sepsis and the associated immune suppression. Circulating cell-free DNA in the form of nucleosomes is a marker of cell death \[[@b1],[@b2]\], and extracellular cell-free DNA has been suggested to play an important role in inflammation and has been demonstrated to correlate with severity and outcome in sepsis patients \[[@b2],[@b3]\]. Melioidosis (*Burkholderia pseudomallei* infection) is a major cause of severe community-acquired sepsis in Southeast Asia and northern Australia \[[@b4]\], and is characterized by elevated levels of granzymes \[[@b5]\] and interleukin-18 \[[@b6],[@b7]\], both of which are known inducers of cell death.

The clinical manifestations of melioidosis range from chronic skin abscesses to acute fulminant pneumonia-derived sepsis \[[@b4],[@b8]\]. Despite appropriate antibiotic treatment, melioidosis patients with bacteremia or pneumonia have a mortality rate of up to 40% \[[@b9]\]. We recently showed that plasma protease factor VII-activating protease (FSAP), also known as plasma hyaluronic acid binding protein 2, is activated in adults suffering from sepsis and in children with meningococcal sepsis \[[@b3]\]. It remains to be determined to which structure FSAP binds and how FSAP activation is achieved. RNA, histones, glycosaminoglycans (e.g. heparin) and, to a lesser extent, also DNA have ben reported to activate FSAP \[[@b10]\]. Activated FSAP can release nucleosomes from late apoptotic cells \[[@b11],[@b12]\] and, in concert with DNase I, from necrotic cells \[[@b13]\]. FSAP circulates as a single-chain inactive protease in plasma, and is activated upon contact with circulating histones \[[@b14]\] and either late apoptotic or necrotic cells \[[@b10]\]. FSAP has several plasma inhibitors, including α~2~-antiplasmin (AP) \[[@b10]\] and tissue factor pathway inhibitor (TFPI) \[[@b15]\], which are both inhibitors of plasmin as well. Increased levels of TFPI and plasmin--AP complexes (PAPcs) are both associated with mortality in patients with melioidosis \[[@b16]\]. The aim of this study was to investigate FSAP activation as shown by complexes of FSAP with AP in patients suffering from Gram-negative sepsis caused by *B. pseudomallei*. Furthermore, as diabetes mellitus (DM) is the most important risk factor for both melioidosis and sepsis, we were also able to examine the role of DM in FSAP activation in this cohort of patients \[[@b9],[@b17],[@b18]\].

Materials and methods
=====================

The study included a Thai patient population (Table[1](#tbl1){ref-type="table"}) detailed previously \[[@b19]\]: 44 patients with culture-proven melioidosis and sepsis (18--75 years, 30 males), from whom citrate plasma samples were obtained on the day of recruitment, 7 days thereafter, and at the first clinical follow-up ≥ 28 days after discharge, and stored at − 70 °C pending analysis. Eligible patients had received active antimicrobial chemotherapy for \< 48 h (ceftazidime, amoxicillin--clavulanate, meropenem, or imipenem) and had two of four criteria for systemic inflammatory response syndrome. Thirty-four patients were classed as diabetic if they had an HbA~1c~ of ≥ 7.8% at enrollment, or a diagnosis of DM made prior to admission. Eighty-two healthy subjects served as controls (52 with DM and 30 without).

###### 

Patient baseline characteristics

                                      Controls            Melioidosis                             
  ----------------------------------- ------------------- ------------------- ------------------- -------------------
  Age (years), mean (95% CI)          41.5 (37.5--45.4)   57.5 (54.1--60.9)   51.6 (40.9--62.3)   52.9 (49.8--56.0)
  Male sex, % (no.)                   80.0 (24/30)        34.6 (18/52)        90.0 (9/10)         61.8 (21/34)
  Glucose (mg L^−1^), mean (95% CI)   101 (87--117)       126 (117--136)      124 (97--159)       214 (188--244)
  HbA~1c~ (%), mean (95% CI)          5.8 (5.4--6.3)      8.2 (7.8--8.5)      6.0 (5.5--6.5)      10.6 (9.6--11.7)
  Mortality, % (no.)                  --                  --                  0.0 (0/0)           35.2 (12/34)

This total includes 10 patients who were given a new diagnosis of diabetes by admission HbA~1c~ level. Table[1](#tbl1){ref-type="table"} reproduced with permission from *Thrombosis and Hemostasis* \[[@b19]\].

FSAP--AP complexes were determined in citrate plasma by ELISA, as described previously \[[@b10],[@b20]\]. Nucleosome levels were determined in EDTA plasma by ELISA, as described previously \[[@b11],[@b21]\]. We log-transformed FSAP--AP complex and nucleosome levels to correct for heteroscedasticity. We performed multivariable linear regression to determine the effect of melioidosis on FSAP--AP complexes, adjusting for the effect of DM as a covariate. For linear regression analysis, the slope, 95% confidence interval (CI) and *P*-value are reported. An unpaired Student\'s *t*-test (for two groups) and one-way [anova]{.smallcaps} (for three groups or more) were used for comparison between groups. Analyses were performed in [graphpad prism]{.smallcaps} version 6.0 for Mac OS X (GraphPad Software, La Jolla, CA, USA).

Results and discussion
======================

FSAP has recently been identified as the plasma serine protease responsible for nucleosome release from late apoptotic cells. As activation of this protein during sepsis might be involved in nucleosome release and thereby contribute to morbidity \[[@b10]\], we first determined FSAP--AP complex levels in our cohort of patients with melioidosis. FSAP--AP complex levels were significantly elevated (*P *\<* *0.007; Fig.[1](#fig01){ref-type="fig"}A) in patients (mean 0.47 AU mL^−1^; 95% CI 0.08--2.79) with melioidosis (without DM) as compared with healthy controls (mean 0.03 AU mL^−1^, 95% CI 0.03--0.04; without DM). The FSAP level increased by 16.82 AU mL^−1^ (95% CI 9.93--28.49) in melioidosis after adjustment for the effect of DM in the regression model. FSAP activation strongly correlated with nucleosome release (slope 0.74, 95% CI 0.59--0.89; *P *\<* *0.0001; Fig.[1](#fig01){ref-type="fig"}B), which is as expected, given the function of FSAP. The severity of illness and the high mortality rate of 27% in this cohort of patients enabled us to correlate the presence of FSAP--AP complexes with disease severity. No difference in FSAP activation on admission was seen between survivors and non-survivors (Fig.[1](#fig01){ref-type="fig"}C). Evidence for an association between FSAP activation and stage of disease, however, was obtained in patients who survived and from whom a second blood sample was drawn during treatment (at day 7) and after successful completion of therapy (≥ 28 days after discharge): in all surviving patients (without DM/with DM), a strong decrease towards complete normalization of FSAP activation was detected (one-way [anova]{.smallcaps}, Dunnet\'s *post hoc* test: day 0 vs. day 7, 0.73 AU mL^−1^ \[95% CI 0.26--2.10\]; day 0 vs. day 28, 4.16 AU mL^−1^ \[95% CI 1.42--12.22\]; Fig.[1](#fig01){ref-type="fig"}D).

![There is a high level of factor VII-activating protease (FSAP) activation in plasma from patients with melioidosis with or without diabetes mellitus (DM). (A) Increased levels of the apoptosis marker FSAP--α~2~-antiplasmin (AP) complex are present in plasma of patients with sepsis caused by *Burkholderia pseudomallei* (melioidosis) on the day of initial presentation as compared with healthy control subjects. No difference was found between melioidosis patients with or without DM. Straight lines represent the mean; FSAP--AP complex levels of \> 0.5 AU mL^−1^ are considered to represent FSAP activation (dotted line). \*\**P *\<* *0.01 and \*\*\*\**P *\<* *0.0001 (unpaired *t*-test). (B) Correlation curve for FSAP--AP complexes vs. nucleosomes. Slopes and *P*-values are reported (linear regression analysis). (C) No difference was seen between melioidosis survivors and non-survivors. (D) FSAP--AP complex levels measured in all surviving patients on the day of enrollment, day 7, and day 28 (follow up): in all surviving patients (no DM/DM), a strong decrease towards complete normalization (dotted line) of FSAP--AP complex levels was detected. Means (circle, no DM; square, DM) and 95% confidence intervals (light gray, no DM; dark gray, DM) are shown.](jth0013-0041-f1){#fig01}

As DM is the main risk factor for melioidosis, and DM is known to negatively influence neutrophil function \[[@b9],[@b18]\], we next sought to determine whether the presence of DM influenced FSAP--AP complexes in our cohort of patients, 72% of whom were diabetic (Table[1](#tbl1){ref-type="table"}). We found no difference in the release of FSAP--AP complexes in melioidosis patients when we compared patients with or without DM on the day of recruitment, but a significant difference in the release of FSAP--AP complexes between healthy volunteers (0.03 AU mL^−1^ \[95% CI 0.02--0.03\]) and melioidosis patients (0.46 AU mL^−1^ \[95% CI 0.21--1.05\]), both with DM, remained (*P *\< 0.0001; Fig.[1](#fig01){ref-type="fig"}A). In addition, FSAP--AP complex levels were not different between healthy controls with or without DM.

In this cohort of patients with melioidosis, we see that there is significant FSAP activation, which might be involved in nucleosome release during sepsis and thereby might contribute to lethality. Even though FSAP activation and nucleosome release were correlated, and even though FSAP--AP complex levels in patients with melioidosis correlated with stage of disease, no differences were seen between survivors and non-survivors. Interestingly, our previous findings showed that inhibition of endogenous activated protein C, which has a cytoprotective effect against nucleosomes by cleavage of histones \[[@b22]\], leads to excessive nucleosome release in bronchoalveolar fluid during murine experimental melioidosis and increased mortality \[[@b23]\]. Furthermore, increased levels of plasma inhibitors of FSAP, i.e. AP (in complex with plasmin, PAPc) \[[@b10]\] and TFPI \[[@b15]\], are associated with mortality in patients with melioidosis \[[@b16]\].

The innate immune response can trigger different forms of cell death in order to release cytotoxic or inflammatory contents and enhance exposure of intracellular bacteria such as *B. pseudomallei* to phagocytic cells \[[@b24]\]. Apoptosis (or programmed cell death) has been shown to play an important role in the pathogenesis of severe sepsis, and is reflected by circulating nucleosomes \[[@b1],[@b2]\]. ELISAs detecting nucleosomes have proven to constitute a good indicator of extracellular DNA released by immune cells in sepsis patients \[[@b25]\], but are not specific for nucleosomes released by neutrophils. However, the positive correlation with neutrophil-elastase together with the marked upregulation of genes encoding the central neutrophil-associated proteins does suggest that neutrophils constitute the main source of the detected nucleosomes during melioidosis \[[@b26]\]. FSAP has been shown to be activated upon contact with either late apoptotic or necrotic cells \[[@b10]\] and circulating histones \[[@b14]\], thereby releasing nucleosomes (Fig.[2](#fig02){ref-type="fig"}). In our cohort of patients, we found increased FSAP--AP levels and increased nucleosome levels \[[@b26]\], which were both strongly correlated, but found, unexpectedly, no association with patient mortality. We may speculate on the reasons why this may be the case. After incubation, plasma-derived FSAP binds to dead cells and, when activated, results in the release of nucleosomes \[[@b10]\]. Activated FSAP, which detaches from dead cells, will immediately be inactivated by plasma inhibitors, such as AP. Therefore, FSAP--AP complexes provide an indirect measure of FSAP activation, as activated FSAP bound to dead cells (and not released into plasma) is not measured with this approach (Fig.[2](#fig02){ref-type="fig"}). Increased severity of melioidosis may result in more tissue damage and cell death, a condition that favors FSAP binding to damaged tissue and nucleosome release. This is supported by the fact that nucleosome levels do indeed increase with severity \[[@b2],[@b26]\]. However, the value of nucleosomes as a marker for severity and outcome is multifaceted. Recent literature shows that nucleosomes correlate with disease severity in patients with severe sepsis and septic shock, and in children suffering from meningococcal sepsis \[[@b3]\]. However, only in the latter group has a significant correlation between nucleosomes and outcome been observed. Most probably, there is a hierarchy in the dynamics and source of nucleosome release. Preliminary results demonstrate that, upon inflammation, nucleosome release occurs in a biphasic pattern, immune cells (e.g. neutrophils) being responsible for the initial release of nucleosomes, and parenchymal cells being mostly responsible in the later stages. In this light, meningococcal disease significantly differs from 'classic sepsis' with regard to the dynamics; young patients with meningococcal infection who die most often succumb during the state of 'hyperinflammation', whereas older patients with non-meningococcal sepsis who do not survive their critical illness almost universally show signs of a deactivated immune system or 'immunosuppression'. Therefore, in fulminant meningococcal sepsis, the circulating nucleosomes most likely reflect both the activation of immune cells (most notably neutrophils) and extensive nucleosome release following tissue damage resulting from microvascular thrombosis. In sepsis, nucleosomes can originate from either polymorphonuclear neutrophils (PMNs) or parenchymal cells. The source of nucleosomes most likely also determines the degree of toxicity of nucleosomes. This is illustrated by the fact that nucleosomes exposed (and released) by PMNs have been reported to be highly cytotoxic and procoagulant \[[@b27]\]. In contrast, nucleosomes isolated from chicken erythrocytes seem to cause no harm when administered to mice \[[@b28]\]. In that light, the source of nucleosomes and the association of nucleosomes with cells may influence the cytotoxicity of nucleosomes.

![Simplified model of factor VII-activating protease (FSAP) activation during melioidosis. During infection, *Burkholderia pseudomallei* is recognized by innate immune effector cells such as neutrophils, which in turn release proinflammatory cytokines. When initiated, the immune cascade leads to programmed cell death, activation of the complement system, and activation of coagulation. The last of these can cause microvascular thrombosis, which can lead to extensive tissue damage and cell death. FSAP circulates as a single-chain inactive protease in plasma, and is activated upon contact with circulating histones and either late apoptotic or necrotic cells. Plasma-derived FSAP binds to dead cells and, when activated, results in the release of nucleosomes. FSAP-induced nucleosome release might be harmful to the host by propagating the proinflammatory response, and nucleosomes, in turn, can cause further tissue damage, contributing to multiorgan failure (MOF). Activated FSAP (FSAP^A^), which detaches from dead cells, will immediately be inactivated by plasma inhibitors, such as α~2~-antiplasmin (AP), tissue factor pathway inhibitor (TFPI), and plasminogen activator inhibitor-1 (PAI-1). FSAP^I^, inactivated FSAP.](jth0013-0041-f2){#fig02}

DM is present in 23--60% of patients with melioidosis \[[@b8],[@b9]\]. An explanation for this increased susceptibility was sought in the function of neutrophils from diabetic patients, which showed impaired phagocytosis of *B. pseudomallei*, reduced migration, and an inability to produce an oxidative burst to kill intracellular bacteria \[[@b29]\]. Furthermore, it was shown that isolated neutrophils from patients with DM released less extracellular DNA upon stimulation with *B. pseudomallei* and were associated with reduced bacterial killing relative to that by neutrophils from healthy controls \[[@b30]\]. In our study, we have now shown that FSAP activation is not dependent on DM, and therefore does not provide an explanation for the markedly increased susceptibility to *B. pseudomallei* infection in patients with DM.

In conclusion, patients with Gram-negative sepsis caused by *B. pseudomallei* have abundant FSAP activation, which significantly correlates with stage of disease. However, no differences were seen between survivors and non-survivors or between patients with or without DM.
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